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Sustained CGRP1 receptor stimulation modulates
development of EC coupling by cAMP/PKA signalling
pathway in mouse skeletal myotubes

Guillermo Avila, Citlalli I. Aguilar and Roberto Ramos-Mondragón

Departamento de Bioquı́mica, Cinvestav-IPN, AP 14-740, México, DF 07000, México

We investigated modulation of excitation–contraction (EC) coupling by calcitonin gene-related

peptide (CGRP), which is released by motorneurons during neuromuscular transmission. Mouse

skeletal myotubes were cultured either under control conditions or in the presence of 100 nM

CGRP (∼4–72 h). T- and L-type Ca2+ currents, immobilization resistant charge movement,

and intracellular Ca2+ transients were characterized in whole-cell patch-clamp experiments.

CGRP treatment increased the amplitude of voltage-gated Ca2+ release ((ΔF/F)max) ∼75–350%

and moderately increased both maximal L-current conductance (Gmax) and charge movement

(Qmax). In contrast, CGRP treatment did not affect their corresponding voltage dependence of

activation (V 1/2 and k) or T-current density. CGRP treatment enhanced voltage-gated Ca2+

release in ∼4 h, whereas the effect on L-channel magnitude took longer to develop (∼24 h),

suggesting that short-term potentiation of EC coupling may lead to subsequent long-term

up-regulation of DHPR expression. CGRP treatment also drastically increased caffeine-induced

Ca2+ release in ∼4 h (∼400%). Thus, short-term potentiation of EC coupling is due to an

increase in sarcoplasmic reticulum Ca2+ content. Both application of a phosphodiesterase

inhibitor (papaverine) and a membrane-permeant cAMP analogue (Db-cAMP) produced a

similar potentiation of EC coupling. Conversely, this potentiation was prevented by pretreatment

with either CGRP1 receptor antagonist (CGRP8-37) or a PKA inhibitor (H-89). Thus, CGRP acts

through CGRP1 receptors and the cAMP/PKA signalling pathway to enhance voltage-gated

Ca2+ release. Effects of CGRP on both EC coupling and L-channels were attenuated at later times

during myotube differentiation. Therefore, we conclude that CGRP accelerates maturation of

EC coupling.

(Received 30 May 2007; accepted after revision 25 July 2007; first published online 26 July 2007)

Corresponding author G. Avila: Departamento de Bioquı́mica, Cinvestav-IPN, AP 14–740, México, DF 07000, México.
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In skeletal muscle, excitation–contraction (EC) coupling
is under the control of voltage sensors of the transverse
tubules (Schneider & Chandler, 1973). The molecular
identity of the voltage sensor is the α1-subunit of the
voltage-dependent L-type Ca2+ channels (L-channels),
also known as the dihydropyridine receptor or DHPR
(Rios & Brum, 1987; Tanabe et al. 1988). The DHPRs are
believed to be physically bound to ryanodine receptors or
RyR1s (Marty et al. 1994), which are intracellular Ca2+

release channels located at the sarcoplasmic reticulum
(SR). In response to sarcolemmal depolarization, DHPRs
activate nearby RyR1s, producing a massive release of Ca2+

from the SR and a brief increase in intracellular Ca2+

concentration (termed a Ca2+ transient). This increase
in intracellular Ca2+ subsequently activates proteins of
the contractile machinery, ultimately resulting in muscle

contraction (for reviews see Melzer et al. 1995; Dirksen,
2002).

Calcitonin gene-related peptide (CGRP) is a
37-amino-acid neuropeptide that is synthesized and
released by motor neurons at the neuromuscular junction
during skeletal muscle development (Matteoli et al. 1990).
CGRP binds to at least two classes of membrane receptors
(CGRP1 and CGRP2), which are positively coupled to
Gs proteins and activation of adenylate cyclase (Juaneda
et al. 2000; Hay et al. 2003). The 30 amino acid variant
of CGRP, CGRP8-37, is commonly used as a selective
antagonist of the CGRP1 receptor (Chiba et al. 1989).
CGRP released from motor neuron terminals following
electrical stimulation (Uchida et al. 1990; Sakaguchi et al.
1991; Sala et al. 1995) binds to membrane receptors
of skeletal muscle (Fernandez et al. 2003; Rossi et al.
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2003). Activation of muscle CGRP receptors increases
contraction force and the activity of the Na+/K+ pump
via increasing levels of cyclic-adenosine monophosphate
(cAMP) generation and subsequent protein kinase A
(PKA) activation (Takami et al. 1985; Takami et al. 1986;
Uchida et al. 1990; Andersen & Clausen, 1993).

In developing skeletal muscle (i.e. myotubes and/or
cultured embryonic/neonate muscle fibres), CGRP
increases the rate of acetylcholine receptor (AchR)
desensitization (Mulle et al. 1988), potentiates AChR
channel activity (Lu et al. 1993), increases the number
of AChRs (Fontaine et al. 1986; New & Mudge, 1986),
and decreases acetylcholinesterase expression (Boudreau-
Lariviere & Jasmin, 1999; Rossi et al. 2003). Nevertheless,
the role of CGRP in modulating skeletal muscle EC
coupling remains unexplored, even though this process
is critical in determining force generation.

Skeletal myotubes represent a widely used experimental
model to investigate the molecular and cellular
mechanisms of EC coupling. Myotubes are small and
electrically compact, which is required to ensure adequate
voltage clamp in whole-cell patch-clamp experiments
(Beam & Franzini-Armstrong, 1997).

In the present study, we demonstrate that CGRP
modulates development of EC coupling in skeletal
myotubes. We determined the involvement of the
following downstream molecules in the CGRP response:
CGRP1 receptors, cAMP and PKA. Our results indicate
that CGRP exposure activates a CGRP receptor–cAMP–
PKA pathway that accelerates maturation of the EC
coupling ‘machinery’ by enhancing SR Ca2+ content,
voltage-gated SR Ca2+ release, and the density of
sarcolemmal DHPRs.

Methods

Primary cultures of myotubes

Primary cultured myotubes were obtained as described
in Mejia-Luna & Avila (2004). Animal manipulations
were performed according to the Mexican Official Norm
NOM-062-ZOO-199 and the Guide for the Care and
Use of Laboratory Animals as adopted of the National
Institutes of Health (USA). Briefly, newborn mice
were decapitated and skeletal muscle myoblasts were
isolated from forelimb and hindlimb muscles. Muscle was
removed, digested with trypsin (at 37◦C, 45 min) and
then mechanically dispersed. The resulting preparation
was filtered and preplated to decrease fibroblast content.
Semipurified myoblasts were then plated on sterile glass
coverslides (8000 cells cm−2) placed in 35 mm Petri dishes.
Myoblasts were allowed to proliferate for 24 h in plating
medium, which consisted of Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% horse serum
(HS), 100 U ml−1 penicillin, 100 μg ml−1 streptomycin

and 4 mm l-glutamine. Experiments were performed in
cultures 3–6 days after exchanging plating medium with
fusion medium, which was similar to the plating medium
but only contained 2% HS (as opposed to 10%).

Exposure of myotubes to CGRP, caffeine
and other compounds

Myotubes were initially grown for 3 days in fusion
medium. Afterwards cells either remained in the standard
fusion medium (control myotubes) or were cultured in
fusion medium supplemented with either 100 nm CGRP
(α-CGRP; rat, synthetic) or other compounds (Db-cAMP,
H-89, CGRP8-37) as indicated. Fusion medium in all
experiments was subsequently replenished every 24 h.
Control traces in all figures represent myotubes cultured
in standard fusion medium for the same additional period
of time as that used for treated myotubes (i.e. time-
matched controls). Except for caffeine, myotubes
were not exposed to CGRP or other compounds
during patch-clamp experiments, which were performed
∼15–90 min following removal of medium.

Caffeine (30 mm) was locally applied under whole-cell
patch-clamp conditions by gravity using a custom-made
fast perfusion system. Applications were performed ∼20 s
after brief depolarizing steps delivered from a holding
potential of −80 mV (30 ms to +70 mV). Caffeine
was dissolved in a rodent Ringer solution consisting
of (mm): 145 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, and
10 4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid
(Hepes); pH 7.4 with NaOH.

Measurements of ionic and gating currents

Ionic and gating currents were measured using the
whole-cell mode of the patch-clamp technique, as
previously described (Mejia-Luna & Avila, 2004). Briefly,
a coverslide of myotubes was withdrawn from a Petri dish
containing fusion medium and transferred to a recording
chamber filled with extracellular recording solution
(see Recording solutions). Myotubes were observed
through an IX71 inverted microscope (Olympus America
Inc., Melville, NY, USA) and patch-clamp experiments
were conducted within the next ∼15–90 min using an
Axopatch 200B amplifier, a Digidata 1322A digitizer (Axon
Instruments Inc., Union City, CA, USA), and pCLAMP
9.2 software (Axon Instruments) installed on a personal
computer (1.6 GHz CPU, Compaq/Hewlett-Packard).
Sampling frequencies were 5 kHz and 50 kHz, for ionic
and gating currents, respectively. Whole-cell patch clamp
electrodes exhibited electrical resistances of ∼2.0 M�

when filled with the internal solution (see Recording
solutions). The patch electrodes were fabricated from
borosilicate glass capillaries using a two-stage vertical
puller (L/M-3P-A, List-Electronik, Darmstadt/Elberstadt,
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Germany) and a MF-830 microforge (Narishige Inter-
national USA, Inc., Long-Island, NY, USA). Total cell
membrane capacitance (Cm) and series resistance (Rs)
were estimated, analogically cancelled, and the remaining
linear components digitally removed using a p/N
(n = −3) online subtraction protocol. If necessary, Rs was
compensated (∼40–85%) to ensure a time constant for
charging the membrane capacitance (τ ) of 100–300 μs.
Investigated myotubes typically exhibited Cm values of
∼70–300 pF. Ca2+ currents were elicited by 200 ms pulses
of variable amplitude, in the absence (T- and L-type Ca2+

currents) or the presence (L-type Ca2+ current) of a 1 s
prepulse to −30 mV (followed by 50 ms at −50 mV). The
holding potential (HP) was −80 mV. All current signals
were normalized by Cm. In some cases outward gating
currents and inward tail currents are truncated for clarity.
Peak L-type Ca2+ current density at the end of each 200 ms
pulse was plotted as a function of membrane potential and
fitted according to:

I = Gmax(Vm − Vrev)/(1 + exp{[V1/2,G − Vm]/kG}) (1)

Where Gmax is the maximal L-channels conductance, V m

is the test potential, V rev is the extrapolated reversal
potential, V 1/2,G represents the voltage for half-maximal
conductance activation, and kG is a slope factor.

Immobilization-resistant intramembrane charge
movement was measured as described by Avila et al.
(2001). Test pulses were applied following the prepulse
protocol described above in the presence of extracellular
Cd2+ (0.5 mm) and La3+ (0.2 mm). The amount of
charge movement was estimated by integrating outward
nonlinear capacitive currents after onset of the test pulse
(QON). Immobilization-resistant charge movement (QON)
was plotted as a function of membrane potential and
fitted according to the following equation:

QON = Qmax/(1 + exp[(V1/2,Q − Vm)/kQ]) (2)

where Qmax, V m, V 1/2,Q and kQ have their usual meanings
with regard to charge movement.

Measurements of Ca2+ transients

Intracellular Ca2+ transients were measured as previously
described (Avila et al. 2001). Briefly, myotubes were
transferred from the incubator to an extracellular
recording solution (see Recording solutions) and subjected
to whole-cell voltage-clamp experiments, as described
above. In this case, the internal recording solution
was supplemented with 0.2 mm of the Ca2+ sensitive
(free-acid) dye fluo-4 (K5fluo-4; see Recording solutions).
Emitted fluo-4 fluorescence was acquired from a small
rectangular area of the investigated myotube, which did
not include the patch pipette. Extracellular fluorescence
(due to dye leak from the pipette prior to seal formation)

was eliminated by perfusing excess of external solution.
Fluo-4 was excited using a 100 W mercury arc lamp.
The excitation cube (U-MNIBA, Olympus America Inc.)
consisted of the following elements: dichroic mirror
(505 nm), excitation filter (470–490 nm bandwidth), and
emission filter (515–550 nm bandwidth). Except for
experiments where myotubes were exposed to caffeine,
depolarizing pulses (of 30 ms) were applied following
the prepulse protocol used to inactivate T-type Ca2+

channels (see previous section). A computer-controlled
shutter (Vincent Associates, Rochester, NY, USA) was used
to block illumination during interpulse intervals. The
fluorescence signal was acquired using a photomultiplier
detection system (Photon Technology International, Inc.;
Birmingham, NJ, USA) working in the analog mode,
digitized, and stored for subsequent offline analysis.
Sampling frequencies were 2 kHz and 10 kHz, for caffeine-
and voltage-gated Ca2+ transients, respectively. Relative
changes in intracellular Ca2+ are expressed as fluorescence
change (�F) divided by basal fluorescence (F) observed
just before stimulation (�F/F). The amplitude of voltage-
gated Ca2+ transients measured at the end of test pulses
was plotted as a function of membrane potential and fitted
according to:

�F/F = (�F/F)max/1 + exp[(V1/2,F − Vm)/kF])

(3)

where (�F/F)max, V 1/2,F, V m, and kF have their usual
meanings with regard to Ca2+ transients. The peak of the
first derivative of �F/F was used as an indirect measure of
the maximal rate of SR Ca2+ release (as described in Avila
& Dirksen, 2005).

Recording solutions

All ionic and gating current measurements were
performed in the presence of the following external
recording solution (mm): 145 tetraethylamonium-Cl
(TEA-Cl), 10 CaCl2, 0.003 tetrodotoxin (TTX) and 10
Hepes. Immobilization-resistant intramembrane charge
movement was measured following block of Ca2+ currents
by supplementing the external solution with 0.5 mm CdCl2

and 0.2 mm LaCl2. Ionic and gating current measurements
were recorded using the following internal solution
(mm): 135 caesium aspartate, 10 caesium ethylene glycol
tetraacetic acid (Cs2EGTA), 5 MgCl2 and 10 Hepes. Intra-
cellular Ca2+ transients were measured using an internal
solution that consisted of (mm): 145 caesium aspartate,
10 CsCl, 0.1 Cs2EGTA, 1.2 MgCl2, 5 MgATP, 0.2 fluo-4
pentapotassium (K5Fluo-4), and 10 Hepes. The pH of
all solutions was adjusted to 7.4. All measurements were
carried out at room temperature (22–24◦C).
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Statistical analysis

All results are expressed as means ± s.e.m. and were
analysed using Microsoft Excel, pCLAMP 9.2 (Axon
Instruments), and SigmaStat 3.5 (Systat Software Inc.,
San Jose, CA, USA) software. Significant differences
were determined at the P < 0.05 level unless otherwise
specified. One-way analysis of variance (ANOVA) was used
when comparisons involved more than two experimental
conditions (Fig. 7). Two-way ANOVA was used to examine
the effects of CGRP as a function of time in culture (Figs 2
and 4). Pairs of means were compared post hoc, using the
Holm–Sidak method. Other statistical comparisons were
performed using Student’s t test for unpaired data.

Results

CGRP enhances voltage-gated SR Ca2+ release

We first aimed to investigate whether voltage-gated Ca2+

release in myotubes is regulated by chronic treatment with
CGRP. To this end, myotubes were exposed to 100 nm

CGRP for 1–3 days, and then Ca2+ transients were elicited
in response to short (30 ms) membrane depolarizations.
Figure 1A shows representative Ca2+ transient traces
elicited at various membrane potentials (from −10 mV to
+70 mV). Clearly, Ca2+ transient amplitude is drastically
enhanced following 1–3 day exposure to CGRP. On
average, CGRP increased the Ca2+ transient amplitude
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Figure 1. Effects of CGRP on voltage-gated Ca2+

transients
A, representative voltage-gated Ca2+ transients
obtained from control (left) and CGRP-treated (right)
myotubes. Test pulses (Vm) to the indicated voltages
(shown in left margin) were elicited following 1 s
prepulses used to inactivate T-type Ca2+ currents (see
Methods). B, average voltage dependence of Ca2+
transients elicited as in A. Ca2+ transient amplitude
measured at the end of each test pulse is plotted as a
function of Vm. Continuous lines represent fitted
�F/F-values obtained using eqn (3) and the resulting
average Boltzmann parameters reported in Table 1. C,
normalized voltage dependence of Ca2+ transients.
Absolute �F/F values from each myotube were
normalized by their corresponding maximal value and
plotted as a function of Vm. Results were obtained
from 20 control (black triangles) and 21 CGRP-treated
(grey triangles) myotubes. CGRP treatment was 100 nM

for 1–3 days.

Table 1. Parameters of fitted ΔF/F–V , G–V , and Q–V curves

Control CGRP

�F/F–V
(�F/F)max 1.0 ± 0.2 2.2 ± 0.2∗

kF (mV) 7.4 ± 0.7 7.8 ± 0.5
V1/2,F (mV) 8.6 ± 1.9 9.4 ± 1.3
n 20 21

G–V
Gmax (nS nF−1) 288 ± 11 344 ± 11∗

kG (mV) 5.9 ± 0.1 5.9 ± 0.1
V1/2,G (mV) 18.2 ± 0.4 17.9 ± 0.5
V rev (mV) 79.2 ± 0.7 80.9 ± 0.6
n 54 40

Q–V
Qmax (nC μF−1) 8.8 ± 0.5 11.0 ± 0.8∗

kQ (mV) 9.9 ± 0.4 9.5 ± 0.3
V1/2,Q (mV) 12.9 ± 1.2 11.2 ± 1.3
n 15 15

Average values (mean ± S.E.M.) of voltage dependent parameters
obtained by fitting results from each particular myotube
according to the Boltzmann equations described in Methods
(eqns (1)–(3)). ∗P < 0.05, compared to control.

((�F/F)max) 120% (Fig. 1B, and Table 1). However, the
other parameters of the voltage dependence of Ca2+ release
(kF and V 1/2,F) were not significantly altered (Fig. 1C and
Table 1).
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The increase in the amplitude of the Ca2+ transient
could result from an increase in the rate of voltage-gated
SR Ca2+ release. Thus, we calculated the peak of the
first derivative of �F/F (i.e. dF/dt), which represents a
reasonable approximation of the maximum rate of SR
Ca2+ release (Avila & Dirksen, 2005). CGRP was found
to significantly increase the maximum dF/dt by ∼90%,
from 97 ± 17 to 184 ± 25 �F/F s−1 (P < 0.01, same cells
as in Fig. 1).

To investigate the onset of Ca2+ transient potentiation
by CGRP, we determined (�F/F)max in myotubes
treated from ∼1 h to up to ∼79 h compared to that
of time-matched controls. The experimental results
were subsequently pooled as follows: ∼1–7 h (4 h),
∼24–31 h (1 day), ∼48–55 h (2 days), and ∼72–79 h
(3 days). Figure 2A shows representative Ca2+ transients
recorded from each time point (time in days is indicated
in italic numbers). The corresponding average values
of (�F/F)max are shown in Fig. 2B. Under control
conditions, these values grow steadily between 0 and
3 days (from ∼0.7 �F/F , to up to ∼1.7 �F/F). In
contrast, CGRP-treated myotubes exhibit a marked
increase in voltage-gated Ca2+ release even as early as
4 h post-exposure, a similar magnitude as that observed
for control myotubes after 3 days in control medium.
However, voltage-gated Ca2+ release does not significantly
increase further even following 3 days of CGRP exposure.
These data suggest that CGRP accelerates the development
of voltage-gated SR Ca2+ release in culture.

CGRP selectively increases L-channel expression

The results shown in Figs 1 and 2 prompted us to
investigate whether CGRP enhancement of voltage-gated
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Figure 2. Time course of CGRP effect on voltage-gated Ca2+ transients
A, representative voltage-gated Ca2+ transients obtained from myotubes cultured for 0–3 days either under control
conditions (left) or in the presence of 100 nM CGRP (right). Ca2+ transient amplitude was estimated as described
in Fig. 1. The approximated time (in days) following initiation of treatment is indicated with italicized numbers.
B, average amplitude of voltage-gated Ca2+ transients ((�F/F)max) obtained at different times after CGRP treatment
(100 nM). Results were obtained from 6 to 12 myotubes for each condition. (�F/F)max was estimated by either
fitting experimental data to eqn (3) or averaging peak �F/F values obtained at saturating voltages (+30 mV to
+70 mV). Results from two-way ANOVA and post hoc Holms–Sidak test indicated significant differences between
control and CGRP-treated groups (∗P ≤ 0.05). Specifically, the P values between CGRP-treated and time-matched
controls obtained for 0.15, 1, 2, and 3 day treatments were 0.021, 0.008, 0.050, and 0.086, respectively.

SR Ca2+ release might involve a possible effect on
voltage-gated Ca2+ channels. Figure 3 shows L-type
(Fig. 3B and D) and total Ca2+ currents (i.e. T-type
plus L-type, Fig. 3A and C) in control and CGRP-treated
myotubes (1–3 days). As can be seen from both the
representative currents (Fig. 3A and B) and average I–V
curves (Fig. 3C and D), CGRP significantly increased the
L-type Ca2+ current density by ∼25% (P < 0.0005 at
+30 mV), while not significantly affecting T-type Ca2+

current density (P = 0.2 at −30 mV). The increase in
L-type Ca2+ current density was entirely explained by a
selective effect on the maximal L-channels conductance
(Gmax), the only parameter of the Boltzamann fit (eqn (1))
that was significantly altered (see Table 1).

We next set out to investigate the time course for the
observed effect on Gmax in a similar way as shown for Ca2+

transients in Fig. 2. An important difference, however,
was that the shortest treatment we investigated for the
L-type Ca2+ current was 0.5 days (∼8–15 h treatments),
as opposed to 0.15 days for Ca2+ release (Fig. 2). Thus, we
compared L-type Ca2+ current density in time-matched
control and CGRP-treated myotubes (Fig. 4). The results
indicate that L-current density was significantly increased
1–2 days following CGRP treatment, but not following 0.5
or 3 days. Thus, similar to that observed for voltage-gated
Ca2+ release, the CGRP-induced increase in L-current
density is also diminished after several days in culture.
However, more importantly, the increase of L-type Ca2+

current density occurred only after a significant delay
(∼1 day) compared to that observed for potentiation of
voltage-gated Ca2+ release (∼4 h).

We next investigated whether the CGRP-induced
enhancement in L-current density results from an
increase in the number of voltage sensors in the
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sarcolemma. Specifically, we compared the amount
of immobilization-resistant intramembrane charge
movement between control and CGRP-treated (1–3 days)
myotubes. Charge movement magnitude was estimated
by integrating the nonlinear capacitive (gating) currents
elicited at the onset of membrane depolarization (QON).
Figure 5A shows representative gating currents obtained
from control (left) and CGRP-treated (right) myotubes.
Gating currents were significantly larger in CGRP-treated
myotubes. In fact, CGRP increased the maximal
magnitude of QON (Qmax; Fig. 5B) without significantly
altering the steepness (kQ) or voltage distribution (V 1/2,Q)
of the charge movement–voltage relationship (Fig. 5C).
Thus, the observed increase in QON (∼25%) is sufficient
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Figure 3. CGRP selectively increases L-type Ca2+ current density
A and B, representative traces of total (A) and L-type (B) Ca2+ currents
obtained from control (top) and CGRP-treated (bottom) myotubes.
Total (T-type and L-type) Ca2+ currents were first elicited from the
holding potential (−80 mV). Subsequently, a family of L-type Ca2+
currents were elicited following a 1 s prepulse to −30 mV to inactivate
T-type Ca2+ channels. Ca2+ current traces are shown for the following
membrane potentials (mV): −20, −10, 0, +10, +20 and +30. C and
D, average current–voltage relationships (I–V curves) obtained for total
(C) and L-type (D) Ca2+ currents. Results were obtained from 31 (C)
and 54 (D) control myotubes (black triangles), and 29 (C) and 40 (D)
CGRP-treated myotubes (1–3 days, 100 nM; grey triangles). The
continuous lines in D represent fits to the data using eqn (1) and
average values of the parameters of these fits are shown in Table 1
(G–V data). A spline curve was used to generate the smooth lines
through the data in C.

to account for a similar 25% increase in Gmax observed in
Figs 3 and 4.

CGRP increases SR Ca2+ content

While an increase in charge movement is sufficient to
explain a parallel increase in L-type Ca2+ current density
(∼1.25-fold increase in both measurements), the slower
time course of this effect makes it unlikely to account for an
even larger effect on voltage-gated Ca2+ release (∼2.2-fold
increase in only 4 h). Thus, we speculated that potentiation
of Ca2+ release may involve an increase in luminal SR
Ca2+ content. To test this possibility, we compared the
caffeine-releasable Ca2+-releasable pool in control and 4 h
CGRP-treated myotubes (i.e. prior to a change in L-type
Ca2+ current). Specifically, we measured the amplitude of
Ca2+ transients induced by caffeine (30 mm), a widely used
ryanodine receptor agonist, under identical conditions
as those used to assess voltage-gated Ca2+ release
(i.e. measurements of both voltage- and caffeine-induced
Ca2+ transients on the same myotube, Fig. 6). In both,
control and CGRP-treated myotubes, caffeine application
produced a relatively fast increase in intracellular Ca2+

concentration whose maximal amplitude was higher than
the peak Ca2+ transient elicited by voltage (Fig. 6).

In this set of experiments we used higher concentrations
of CGRP (100–300 nm, as opposed to 100 nm), and
voltage-gated Ca2+ release was stimulated to an even larger
degree (3.5-fold; Fig. 6, Voltage). The larger effect on
voltage-gated Ca2+ release in these experiments could be
explained by the use of a higher CGRP concentration.
However, a somewhat smaller effect on voltage-induced
release (∼2.3-fold) was observed using 100–300 nm

CGRP in a separate set of experiments (Fig. 7, culture
3). This apparent contradiction may deserve further
investigation. In any event, 100–300 nm CGRP-treated
myotubes exhibited a remarkable increase (4.0-fold) in the
peak amplitude of caffeine-induced Ca2+ release (Fig. 6B,
Caffeine). Moreover, the ratios of Ca2+ release induced
by caffeine and voltage (i.e. caffeine-to-voltage ratio)
were not statistically different for control (1.1 ± 0.2) and
CGRP-treated (1.3 ± 0.2) myotubes. These results indicate
that CGRP drastically enhances the magnitude of the
caffeine-releasable Ca2+-releasable pool, an effect that is
sufficient to explain the corresponding potentiation of
voltage-gated SR Ca2+ release.

Potentiation of Ca2+ release by CGRP is mediated by
CGRP1 receptor signalling through cAMP/PKA

CGRP binds to at least two different membrane receptors,
CGRP1 and CGRP2, and blockade of CGRP effects by
CGRP8-37 defines a CGRP1 receptor mediated response
(Chiba et al. 1989; reviewed by Juaneda et al. 2000). Thus,
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Figure 4. Time course of CGRP-mediated increase in L-type Ca2+ current density
A, representative L-type Ca2+ currents from myotubes cultured for 0–3 days in either the absence (left) or the
presence of 100 nM CGRP (right). The time after initiation of CGRP treatment (in days) is shown in italicized numbers.
Current traces were elicited using 200 ms depolarizing pulses to +30 mV that were preceded by a 1 s prepulse to
inactivate T-type Ca2+ channels. B, time course of average peak L-type Ca2+ current density obtained from control
(black triangles) and CGRP-treated (grey triangles) myotubes. Data represent means ± S.E.M. from 12–19 myotubes
for each condition. Two-way ANOVA indicates significant differences between control and CGRP-treated (100 nM)
groups (P < 0.002). The P-values obtained from post hoc Holms–Sidak tests between time-matched control and
CGRP-treated for 0.5, 1, 2 and 3 days of treatment were 0.700, 0.049, 0.036 and 0.069, respectively. ∗P < 0.05.

we investigated the possibility that CGRP potentiation
of voltage-gated SR Ca2+ release might be mediated by
signalling through a CGRP1 receptor. We found that
CGRP8-37 blocks CGRP stimulation of voltage-gated SR
Ca2+ release (Fig. 7, Culture 1). These results indicate
that CGRP augments voltage-gated Ca2+ release by acting
through CGRP1 receptors.

CGRP1 receptors couple via Gs proteins to stimulate
adenylate cyclase leading to the generation of cAMP
and activation of PKA (Juaneda et al. 2000; Hay et al.
2003). Thus we next investigated the role of the cAMP/
PKA signalling pathway in the CGRP enhancement of
voltage-gated SR Ca2+ release. To this end, we preincubated
myotubes with 10 μm H-89, a specific inhibitor of PKA,
for ∼60 min prior to CGRP exposure. Interestingly, the
stimulatory effect of CGRP was completely inhibited by
H-89 pretreatment (Fig. 7, Culture 2), similarly to that
observed for CGRP8-37. Thus, CGRP requires PKA to
potentiate voltage-gated SR Ca2+ release.

The next step was to investigate a possible contribution
of cAMP. To achieve this goal, we used two different
pharmacological approaches. We first investigated whether
the effect of CGRP could be mimicked by Db-cAMP, a
membrane-permeant cAMP analogue. As can be observed
in Fig. 7 (Culture 3), Db-cAMP exposure also increased
the amplitude of voltage-gated Ca2+ release, albeit to a
somewhat lesser degree than CGRP. We also preincubated
myotubes with papaverine, a nonselective inhibitor of
phosphodiesterases, which promotes cAMP accumulation
by inhibiting its degradation. Papaverine treatment
produced a 2.6-fold increase in the amplitude of
voltage-gated Ca2+ release (Fig. 7, PAP), similar to the
effect seen with CGRP. Representative voltage-gated Ca2+

transients elicited at +70 mV are shown in Fig. 7B. Other
myotubes were treated with papaverine plus Db-cAMP
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Figure 5. CGRP increases immobilization-resistant charge
movement
A, representative non-capacitative gating currents (asymmetric charge
movements) obtained from control (left) and CGRP-treated (right)
myotubes elicited at different membrane potentials (left margin).
B, average voltage dependence of asymmetric charge movement
estimated from integrating the non-capacitative current during the
onset of each test depolarization (QON) plotted as a function of Vm.
The continuous lines through the data were generated by fitting each
data set with eqn (2). Average values of the fitted parameters are
shown in Table 1 (Q–V data). C, normalized voltage dependence of
charge movement. Absolute values of QON obtained from each
myotube were normalized by their corresponding maximum values
(Qmax), averaged, and plotted as a function of Vm. Experimental
results were obtained from 15 control (black triangles) and 15
CGRP-treated (1–3 days, 100 nM; grey triangles) myotubes.
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(Fig. 7, Culture 4), in order to determine whether these
two agents exert an additive effect on release. However,
combined treatment with papaverine and Db-cAMP failed
to further increase voltage-gated Ca2+ release. These results
indicate that cAMP stimulates voltage-gated SR Ca2+

release. Taken together, results presented in Fig. 7 indicate
that potentiation of SR Ca2+ release by CGRP is mediated
by activation of the CGRP1 receptor, production cAMP,
and subsequent stimulation of PKA.

Discussion

This study represents to our knowledge the first
demonstration that CGRP regulates the development
of the EC coupling machinery in skeletal muscle. We
discovered that CGRP markedly stimulates voltage-gated
SR Ca2+ release. The intensity of this effect varies between
1.7- and 3.5-fold, across different experimental series.
We also found that stimulation of voltage-gated SR Ca2+
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A, representative Ca2+ transients elicited by either voltage (left) or
exposure to 30 mM caffeine (right). Transients were obtained from one
representative control (top) and one representative CGRP-treated
(200 nM, ∼4 h) myotube (bottom). The vertical calibration bar
indicates initiation of the depolarizing pulse (30 ms to +70 from a
holding potential of −80 mV). Caffeine was applied (hatched bar)
∼20 s thereafter (//). Horizontal calibration bar represents 0.2 s (left)
and 0.8 s (right). B, average peak amplitude of voltage- (left) and
caffeine-induced (right) Ca2+ transients. Results were obtained from
13 control and 10 CGRP-treated (∼4 h) myotubes. The treatment with
CGRP consisted of one, two, or three aliquots (delivered every 2 h) of
100 nM CGRP. ∗P < 0.005, #P < 0.001; compared to control.

release results primarily from a significant increase in the
SR Ca2+ content, and does not involve alterations in the
voltage dependence of the release process. Additionally,
this work points to a critical role for the activation of
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A, effects of CGRP and other compounds on the amplitude of
voltage-gated SR Ca2+ release ((�F/F)max). Values of (�F/F)max were
determined from the end of 30 ms depolarizating pulses to saturating
voltages (+30 to +70 mV). Four different experimental series were
carried out (Cultures 1–4). The average (�F/F)max for each control
group was (mean ± S.E.M.): 0.6 ± 0.2, 1.2 ± 0.3, 0.8 ± 0.2 and
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myotubes that were investigated in each experimental condition is
indicated near to the corresponding error bar. Both the CGRP1
receptor antagonist CGRP8-37 (8–37; 3 μM) and the PKA inhibitor
(H-89; 10 μM) were added 60 min prior to CGRP exposure and
remained present thereafter. For Culture 4, the cAMP analogue,
Db-cAMP, was used at a concentration of 0.5 mM and the
phosphodiesterase inhibitor, papaverine (PAP), was used at a
concentration of 10 μM. Simultaneous treatment with both Db-cAMP
and PAP was accomplished by applying the two compounds at the
same time (PAP + Db-cAMP). For Cultures 1, 2 and 4, treatments
lasted 1 day and CGRP was used at a concentration of 100 nM. In
contrast, one, two, or three aliquots (delivered every 2 h) of either
100 nM CGRP or 0.5 mM Db-cAMP (∼4 h treatment) were used for
Culture 3. aP < 0.05 compared to CGRP. bP < 0.15 compared to both
CGRP and Db-cAMP. cP < 0.10 compared to both PAP and
PAP + Db-cAMP. Statistical tests (one-way ANOVA) were only
performed between groups of the same culture. B, examples of Ca2+
transients recorded from the experimental conditions described in A.
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CGRP1 receptors, cAMP, and PKA in mediating these
effects. Our results also suggest that CGRP exerts a
long-term up-regulation in the number of sarcolemmal
DHPRs (1.25-fold increase). Below we discuss the possible
physiological relevance of these findings, as well as the
potential underlying mechanisms involved.

Molecular mechanisms associated to SR Ca2+ release

Our results point to PKA as a critical link in mediating
the reported effects. Potentiation of Ca2+ release most
likely results from an increased SR Ca2+ content, since
CGRP exposure similarly increased the magnitude of
the caffeine-sensitive Ca2+ store (Fig. 6). Steady-state
SR Ca2+ content depends on a balance between Ca2+

uptake and Ca2+ ‘leak’ (defined as the efflux of Ca2+

under resting conditions). The SR Ca2+-ATPase (SERCA)
accounts for the uptake, whereas the molecular identity
of the pathway(s) responsible for the leak remains
controversial. It is well established that phospholamban
(PLB), an intrinsic protein of the SR, inhibits SERCA2,
through a physical interaction with the enzyme.
Conversely, phosphorylation of PLB by PKA relieves that
inhibition (Simmerman & Jones, 1998). Interestingly, both
myoblasts and differentiated myotubes express PLB
(Stenoien et al. 2007) and SERCA2 (Kimura et al. 2005).
Thus, CGRP might promote SERCA-mediated SR Ca2+

uptake via a PKA-mediated phosphorylation of PLB. If
that is the case, then increase SERCA activity would
account for the observed increase in SR Ca2+ content.
Further experiments are needed in order to more
rigorously test this hypothesis.

Molecular mechanisms associated to DHPR expression

Our study shows that CGRP increases both L-type
Ca2+ current density and DHPR charge movement to a
similar extent (∼25%), without significantly altering their
corresponding voltage dependence of activation. Thus,
CGRP treatment increases the expression of functional
DHPRs within the sarcolemma. This effect could be
explained either by CGRP (a) stimulating the insertion
of newly formed or preassembled DHPRs into the
sarcolemma or (b) inhibiting the degradation rate of
sarcolemmal DHPRs. A genomic mechanism is likely to be
involved since a significant increase in L-type Ca2+ current
density is first detected only 24 h after CGRP exposure
(∼1 day, see Fig. 4). The long-term functional expression
of DHPRs is also promoted by Ca2+ release through
RyR1s (Avila et al. 2001). It will therefore be of interest
to investigate whether the CGRP treatment enhances
DHPR expression through the short-term potentiation of
voltage-gated SR Ca2+ release.

Interestingly, it has been reported that the down-
stream signalling molecule of CGRP1 stimulation, cAMP,
significantly increases the density of sarcolemmal DHPRs
(Schmid et al. 1985). Moreover, the transcription rate for
the gene encoding skeletal muscle DHPRs (CACNA1S) is
also stimulated via the cAMP-response element binding
protein (CREB, Zheng et al. 2002). Thus, CGRP could
stimulate transcription of CACNA1S, by acting through
cAMP and CREB.

Nevertheless, results from Ray et al. (1995) cast
doubts on a possible transcriptional mechanism. This is
because they found that cAMP does not affect mRNA
levels encoding any of the α1S-, α2-, and β-subunits of
the DHPR. Hence, while cAMP increases the number
of sarcolemmal DHPRs (Schmid et al. 1985), it does
not do this through stimulation of de novo synthesis
(Ray et al. 1995). Alternatively, CGRP could inhibit
DHPR proteolysis and/or degradation. Recent studies
provide indirect experimental support for such an idea.
Carrillo et al. (2004) found that DHPRs are degraded
by calpain, a Ca2+-dependent protease. On the other
hand, Navegantes et al. (2001) found that cAMP inhibits
Ca2+-dependent proteolysis, an effect probably explained
by an increased synthesis of calpastatin, which in turn
inhibits calpain-dependent proteolysis (Parr et al. 2001).
Thus, it will be critical for future investigations to
determine whether CGRP prevents DHPR degradation,
via cAMP, calpastatin and calpain. Other mechanisms
than enhanced gene transcription and reduced protein
degradation may also be involved in the observed increase
in the density of sarcolemmal DHPRs.

Physiological relevance

Expression level of CGRP in motor neurons is elevated
during embryonic development, tends to decrease in
parallel with maturation of the neuromuscular junction,
and is essentially undetectable in adults (Matteoli et al.
1990). Nevertheless, expression level of CGRP in adult
motor neurons is greatly increased in response to
physiological and pathophysiological stimuli, including
exercise (Homonko & Theriault, 1997), trophic factors
(Piehl et al. 1998), muscle inactivity (Sala et al. 1995),
and neuromuscular blockade (Sala et al. 1995; Piehl
et al. 1998). Thus, CGRP is thought to participate in
neuromuscular junction regeneration in adults. In keeping
with this, it has been suggested that CGRP stimulates
myoblast fusion (Noble et al. 1993) and the subsequent
myotube differentiation (Okazaki et al. 1996). Moreover,
CGRP is also detected in skeletal muscle (Jiang et al. 2003),
suggesting the presence of a possible autocrine role.

CGRP has been suggested to stimulate myoblast fusion
(Noble et al. 1993). However, we did not find systematic
effects of CGRP treatment on membrane capacitance
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(Cm), which would have suggested significant alterations
in myotube size. Specifically, average Cm values for 3 day
control and CGRP-treated myotubes were 184 ± 29 pF
and 181 ± 33 pF, respectively (P = 0.94). We should take
into account that Cm values are strongly influenced by
investigator sampling bias. Thus, this does not mean that
myotubes were not larger on average in CGRP-treated
myotubes. Another possible explanation for this apparent
contradiction relies on the fact that CGRP treatment was
given 3 days after initiation of differentiation and that
treatment was limited to a maximum of only 3 days. In
contrast, Noble et al. (1993) exposed myotubes to CGRP
for 11 days.

On the other hand, our results are consistent with
the previous observation that CGRP accelerates myotube
differentiation (Okazaki et al. 1996). Specifically, this study
found that expression levels of myogenic regulatory factors
(myogenin and Myf-5), myoglobin content and creatine
kinase activity occurred earlier and in larger amounts in
CGRP-treated myotubes compared to controls (Okazaki
et al. 1996).

In summary, our data support the notion that CGRP
stimulates development of EC coupling by acting through
CGRP1 receptors and the cAMP/PKA signalling pathway.
Specifically, CGRP increases voltage-gated SR Ca2+ release
within hours and the density of sarcolemmal DHPRs in
days. Stimulation of voltage-gated Ca2+ release seems to
result from a quantitatively similar increase in releasable
SR Ca2+ content. This interpretation is supported by
the finding that CGRP enhances SR Ca2+ content,
without significantly altering the voltage dependence
of L-current conductance, DHPR charge movements,
or Ca2+ release. These effects are most prominent
early during myotube maturation. Whether these effects
also occur in muscle regeneration remains to be
elucidated.
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